Introduction
Human immunodeficiency virus type 1 (HIV-1) was initially isolated from peripheral blood cells and identified as a virus that infects the CD4 + T-lymphocyte population. Subsequent isolation of HIV-1 from non-lymphoid organs demonstrated that HIV-1 could also infect cells of the monocyte-macrophage lineage, which are present in most tissues (Gartner et al., 1986) . Further studies which compared T-cell and macrophage isolates indicated that these isolates displayed significantly different biological properties, particularly in cellular tropism and relative replication rates (A H sjo$ et al., 1986) , but also in their ability to induce syncytia . As a result, isolates of HIV-1 have been broadly divided into two groups ;
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those which can replicate in T-cell lines, grow very rapidly in PBL cultures and induce the formation of syncytia in target cells, and those which are able to replicate in macrophages, grow relatively slowly in PBLs and do not induce syncytia formation. These two groups are now generally referred to as syncytium-inducing (SI) or non-syncytium-inducing (NSI), respectively. Interest in these divergent groups has been stimulated by the observation that the clinical course of AIDS may correlate with a shift from NSI to SI strains of HIV-1 (A H sjo $ et al., 1986 ; Bozzette et al., 1993 ; Richman & Bozzette, 1994 ; Fouchier et al., 1996) . As a result, the emergence of SI HIV-1 in a seropositive individual is now generally regarded as a negative prognostic indicator, and considerable interest has been focused on the HIV-1 genetic determinants of the SI phenotype. Several reports have claimed that this phenotype can be attributed to single amino acid substitutions within the V3 region of the HIV-1 env gene (Harrowe & Cheng-Meyer, 1995 ; De Jong et al., 1992 ; Fouchier et al., 1995 ; Kuiken et al., 1992) , which is also the major determinant of tropism in HIV-1 (Harrowe & Cheng-Meyer, 1995 ; Cann et al., 1992 ; Carrillo et al., 1993 ; Chesebro et al., 1991 Chesebro et al., , 1992 Hwang et al., 1991 ; Shoida et al., 1991 ; O'Brien et al., 1990) . In general, mutations that reduce or eliminate the SI phenotype of HIV-1 also reduce or eliminate the ability of the variant viruses to replicate in the cell line used to measure syncytium induction. This has led to a situation in which the ability of HIV-1 strains to form syncytia has been defined simply as the ability to replicate in the target cell line (Fouchier et al., 1995 ; De Jong et al., 1992 ; Schuitemaker et al., 1991) . Recently, some reports have noted that the correlation between V3 loop sequence and SI phenotype is not absolute (Groenink et al., 1992 ; Forte et al., 1994 ; Todd et al., 1995 ; Holm-Hansen et al., 1995 ; Cornelissen et al., 1995) . In addition, several reports have demonstrated that the sequence of the V2 region of the HIV-1 envelope can influence the determination of SI or NSI phenotype (Andeweg et al., 1993 (Andeweg et al., , 1995 Cornelissen et al., 1995 ; Sullivan et al., 1993) .
In this study, we examined the ability of ten chimeric viruses constructed using molecular clones from the prototypic T-cell-tropic, SI HIV-1 strain HIV-1 IIIB (HIV-1 HXB# ) and the phenotypic macrophage-tropic, NSI strain HIV-1 Ba-L , to induce syncytia. These chimeras demonstrated that the ability of HIV-1 to grow well in T-cell lines is determined by the sequence of the V3 region of env. However, viruses that contained the V3 loop of HIV-1 Ba-L were able to form syncytia but they retained the slower growth rate of HIV-1 Ba-L . Chimeric viruses that contained a region of the HIV-1 Ba-L env gene that included the C3, V4 and C4 regions of gp120 grew almost as well as HIV-1 HXB# , but did not induce syncytia. This observation was confirmed with reciprocal chimeras, that contained only the HIV-1 HXB# V3 or C3-V4-C4 regions in the context of a HIV-1 Ba-L env gene. Experiments to measure the relative affinity of the gp120 of the different viruses for CD4 showed that there was a direct correlation between the affinity of the gp120 of a given virus for CD4 and the ability of the virus to induce syncytia. Higher relative affinity for CD4 correlated with the ability to induce syncytia, lower relative affinity for CD4 correlated with an inability to cause syncytia.
These observations lead us to conclude that while the V3 loop is frequently found to determine SI phenotype, its main contribution is to the ability of the virus concerned to grow in the target cell population. If tropism effects are discounted, the affinity of a given isolate of HIV-1 for CD4 appears to be a major determinant for the ability to induce syncytia.
Methods
Cell culture. Cos-1 cells were cultured in DMEM supplemented with 25 µg\ml gentamicin, 2 mM -glutamine and 10 % FBS, passaged and subcultured by trypsinization using standard techniques. Sup-T1 and PM-1 (Lusso et al., 1995) cells were grown in RPMI 1640 medium supplemented with 2 mM -glutamine, 10 % FBS and 25 µg\ml gentamicin. Peripheral blood mononuclear cells were stimulated with PHA and cultured in RPMI 1640 medium supplemented with 25 µg\ml gentamicin, 2 mM -glutamine, IL-2 and 10 % FBS. Viral constructs were expressed in Cos-1 cells as previously described (Watkins et al., 1993) . Virus stocks were titred by p24 ELISA ; infections were performed using a volume corresponding to 100 pg of p24 to infect 1i10' cells, as previously described (Watkins et al., 1990) . The presence of HIV-1 in the supernatant of each culture was assessed by p24 ELISA every 2-3 days as previously described (Watkins et al., 1996 a) , when the medium was changed and the cell number was reduced to approximately 2i10'.
Syncytium formation assays. The extent of syncytium formation in each culture was estimated every 3-4 days, when supernatant samples for p24 analysis were taken. In general, no syncytia were seen until the level of supernatant p24 exceeded 10 ng\ml, and the extent of syncytium formation was related to the p24 expression levels. The results obtained in these initial infections were confirmed by mixing chronically infected cells (from cultures which had passed the syncytium formation phase, but were still expressing significant levels of p24) with uninfected cells at a ratio of 1 : 5 infected : uninfected. This resulted in the formation of syncytia in 24-48 h with viruses that were capable of inducing syncytia, rapidly confirming the initial observations. CD4 binding assays. Viral lysates were prepared by concentrating HIV-1 containing supernatants by PEG 8000 precipitation, and then lysing by adding Triton X-100 to 0n5 %. The concentration of gp120 in each lysate was measured by binding the lysates to the 96-well plate and detecting bound gp120 with rabbit anti-gp120 and HRP-conjugated goat anti-rabbit IgG. Using these data, the relative concentration of gp120 in each lysate could be estimated. The affinity of the gp120 of the different viruses for CD4 was then measured in 96-well plates coated with soluble CD4 (DuPont) at 200 ng per well in sodium carbonate buffer pH 9n0, and blocked with 3 % BSA (Sigma), by incubating with serial 2-fold dilutions of the viral lysates, washing and detecting binding with rabbit anti-gp120 and HRP-conjugated goat anti-rabbit IgG. The amount of gp120 in each lysate relative to HIV-1 HXB-# was then obtained by dividing the mean observed absorbance readings by the mean observed absorbance reading for HIV-1 HXB-# to give a figure for the relative concentration of gp120 present in the lysate. The relative amount of each gp120 preparation bound to the soluble CD4 was then calculated by dividing the mean observed absorbance readings for binding to CD4 by the relative concentration of gp120.
FACS analysis.
Expression of gp120 on Sup-T1 cells chronically infected with HIV-1 HXB# or chimera I (15 days or longer post-infection) was analysed by staining 1i10' cells with MAbs M77 or M90 which recognize the V3 loop of HIV-1 HXB-# (Veronese et al., 1993 ; Watkins et al., 1996 b) , followed by fluorescein (FITC)-conjugated goat anti-mouse IgG (Sigma), for 30 min at 4 mC. Controls were stained with irrelevant primary antibody. The cells were then washed with PBS-1 % FBS, and resuspended in 500 µl of PBS. Fluorocytometry was preformed on a FACScan analyser (Becton Dickinson), using appropriate gating to eliminate dead cells and debris. and GGTCCAACCTGTTAGAGCTACTGC ; CXCR4, ATCACGCT-TCCCTTCTGGGCAGTTG and GGGTTCAGACAACAGTGGAAG-AAAGCTAGG. PCR products were analysed on 1n5 % agarose gels for the presence of DNA fragments of the following sizes : CCR1, 539 bp ; CCR2, 600 bp ; CCR3, 578 bp ; CCR4, 305 bp ; CCR5, 590 bp, CXCR4, 630 bp.
Construction of chimeras.
All chimeric viruses were based on the infectious molecular clone of HIV-1 HTLV-IIIB , pHXB2 (Fisher et al., 1985) , and constructed by substituting fragments of a partial clone of the HIV-1 Ba-L isolate, pBaL-1, into pHXB2, using pHXB2 restriction sites (Fig. 1) . Restriction sites that were not also present in pBaL-I (Sal I, NheI, BamHI and XhoI) were created by site-specific PCR mutagenesis (Watkins & Reitz, 1996) . For the construction of chimeric virus A, an Aat II site was inserted into pHXB2 by PCR mutagenesis and subcloning into the Sal I and KpnI sites using standard techniques. The construction of chimeras B and C (Lusso et al., 1995) as well as chimera G (Malykh et al., 1995) has been described previously. Chimeras were constructed by amplifying the relevant regions of the HIV-1 Ba-L env gene from clone pBaL-1 with appropriate PCR primers and then subcloning the fragments into pHXB2 using standard techniques (Sambrook et al., 1989) . All constructs were verified by restriction digestion and sequencing using standard techniques (Sambrook et al., 1989) .
Chimera A incorporates the Aat II-KpnI fragment of HIV-1 Ba-L into HIV-1 HXB# , encoding Env (gp120) amino acids 1-41, the majority of the amino acid differences occurring in the signal peptide region of this sequence. Chimera D incorporates the BamHI-XhoI region of pBaL-I into pHXB2, encoding Env amino acids 750-889 (gp41 238-377). Chimera E incorporates the BsaBI-BamHI fragment of HIV-1 Ba-L into HIV-1 HXB# , encoding Env amino acids 443-750 (gp120 443-512 ; gp41 1-237). Chimera F incorporates the PvuII-BsaBI region of HIV-1 Ba-L into pHXB2, encoding Env (gp120) amino acids 286-443. Chimera H incorporates the NheI-BamHI region of HIV-1 Ba-L into HIV-1 HXB# , encoding Env amino acids 343-750 (gp120 343-512 ; gp41 1-237). Chimera I incorporates the NheI-BsaBI region of HIV-1 Ba-L into HIV-1 HXB# , encoding Env (gp120) amino acids 343-443. Chimera J incorporates both the KpnI-PvuII and the NheI-BamHI regions of HIV-1 Ba-L into HIV-1 HXB# , encoding env amino acids 41-286 and 343-750. Chimera K incorporates the KpnI-NheI and BsaBI-BamHI regions of HIV-1 Ba-L into HIV-1 HXB# , encoding amino acids 41-343 and 443-750.
Results
In our initial experiments, the two parental viruses in our study, HIV-1 Ba-L and HIV-1 HXB# , and the four initial chimeras (A-D) were examined for their ability to form syncytia in the target cell populations. These results were consistent for all the cells tested : HIV-1 HXB# and chimeras A, B and D formed syncytia ; HIV-1 Ba-L and chimera C did not (Table 1) . These results were consistent with previously described data in which the V3 loop determines the ability to form syncytia, since only chimera C had the HIV-1 Ba-L V3 loop. In the next series of experiments, with chimeras E-I, chimeras E and G formed syncytia, though in the case of chimera G the formation of syncytia took longer than with other viruses, while chimeras F, 
H and I did not form syncytia (Table 1) . These chimeras had been designed to confirm the role of the V3 loop as the determinant of syncytium formation ; the results with chimeras E and F were as expected, since only F contained the HIV-1 Ba-L V3 loop. However, the results with chimeras G, H and I were the opposite of those predicted for the determination of syncytium formation by the V3 loop sequence, since only chimera G formed syncytia, and this was the only one of the three that contained the HIV-1 Ba-L V3 loop. Our initial concern was that some of the chimeras that failed to cause syncytium formation were not replicating in our target cells, so supernatant p24 determinations were performed at different time-points during the infection. The results of these p24 assays showed that our concerns were only valid in the case of chimera I, which did not replicate in any of the cells tested (Table 2 ). In addition, these results showed that the slow formation of syncytia noted with chimera G was directly correlated with the appearance of p24 in the supernatant, and therefore, expression of the virus. This observation illustrated to us the importance of considering virus replication when examining syncytium formation. The results with chimeras G and H clearly suggested that the V3 loop was not solely responsible for the ability of HIV-1 strains to form syncytia. The results with chimeras A-I also suggested that the region of env between the NheI and BsaBI restriction sites (between the V3 and V5 domains) was important in the determination of the syncytium-forming phenotype. To confirm this, an obvious experiment was to make ' reverse ' chimeras : viruses that contained the HIV-1 Ba-L envelope gene, into which the relevant part of the HIV-1 HXB# envelope had been cloned. Two such chimeras were made : chimera J contained the region of the env gene encoding the V3 loop in a background of the HIV-1 Ba-L env, while chimera K contained the C3-V4-C4 region of the env from HIV-1 HXB# . Analysis of the growth of these chimeras in Sup-T1 cells showed that while both viruses were able to replicate to about the same level, only chimera K, which contained the C3-V4-C4 region of HIV-1 HXB# , formed syncytia, while chimera J, which contained the HIV-1 HXB# V3 loop, did not (Fig. 2) . These results again suggested that the ability to form syncytia was determined by the region of env between V3 and V5, rather than the V3 loop. This finding contradicts previous studies (Harrowe & Cheng-Meyer, 1995 ; De Jong et al., 1992 ; Fouchier et al., 1995 ; Kuiken et al., 1992) , which indicated that the V3 loop was responsible for determining SI\NSI phenotype. However, these studies used cell lines that are not permissive for the replication of non-T-tropic strains of HIV-1 for the determination of syncytium formation. Most T-cell lines tested (H9, CEM, Molt3 and Hut 78) were not infected by HIV-1 Ba-L or several of the chimeras used in this study (chimeras C, F, G and H) (data not shown) and therefore could not be used to determine the region of the virus responsible for the differences in the ability to induce syncytium formation seen between HIV-1 HXB# and HIV-1 Ba-L .
Previously published data on the role of the V3 loop in the formation of syncytia, as well as its role in the determination of tropism in strains of HIV-1, suggested that the dominant effect of the V3 loop was, in fact, on cellular tropism (Harrowe & Cheng-Meyer, 1995 ; Cann et al., 1992 ; Carrillo et al., 1993 ; Chesebro et al., 1991 Chesebro et al., , 1992 Hwang et al., 1991 ; Shoida et al., 1991 ; O'Brien et al., 1990) , while the ability to induce the formation of syncytia in the host cells could be influenced by regions of Env outside V3 (Groenink et al., 1992 ; Forte et al., 1994 ; Todd et al., 1995 ; Holm-Hansen et al., 1995 ; Cornelissen et al., 1995 ; Andeweg et al., 1993 Andeweg et al., , 1995 Sullivan et al., 1993) . These observations suggested to us that chimera J, containing the HIV-1 HXB# V3 loop in the HIV-1 Ba-L env, might be able to replicate in T-cell lines with more restricted support for HIV-1 replication than Sup-T1 and PM-1. Both ' reverse ' chimeras were tested in the T-cell lines H9, Hut 78, CEM and Molt3. Chimera K was unable to replicate in any of the cell lines, as would be predicted from its V3 loop (data not shown). Chimera J was only able to replicate in Hut 78, but was not able to induce the formation of syncytia, which were clearly evident in parallel cultures infected by HIV-1 HXB# (Fig. 3) . This confirmed the role of the V3 loop in determining HIV-1 tropism, while also supporting the idea that the C3-V4-C4 region is important in determining the ability to induce syncytia formation. Our analysis of the expression of chemokine receptors showed that CCR5 was present only on those cells (Sup-T1 and PM-1) capable of supporting the replication of viruses containing the HIV-1 Ba-L V3 loop, while all the cells tested expressed CXCR4, CCR1, CCR3 and CCR4 and none expressed CCR2 (Table 3 ). These observations are consistent with previously published data on the role of CCR5 in the CFBG HIV-1 SI correlates with affinity for CD4 HIV-1 SI correlates with affinity for CD4 infection of cells by HIV-1 Ba-L (Choe et al., 1996 ; Feng et al., 1996) .
One possible explanation for this finding was that the amount of gp120 on the surface of cells infected by viruses that do not induce syncytium formation was lower than that on the surface of cells infected with viruses that do induce syncytium formation. To determine if this could be responsible for the differences we observed, we examined by FACS analysis the expression of gp120 on the surface of Sup-T1 cells chronically infected by either HIV-1 HXB# or chimera H. While both viruses were about equally capable of infecting Sup-T1 cells (Fig. 4 A, B) , analysis of their ability to form syncytia showed clearly that only HIV-1 HXB# could induce syncytia formation (Fig. 4 C, D) . Analysis of gp120 expression showed that the two cultures expressed equivalent levels of gp120 on the surface of the infected cells (Fig. 4 E, F) . From these results, we conclude that the difference in the ability to induce syncytium formation cannot be attributed to differences in the levels of gp120 expressed on the surface of infected cells.
Another possible explanation was that the different envelope genes were somehow modulating expression of cell adhesion molecules on the surface of infected cells in such a way as to induce syncytium formation. This third possibility was tested by examining the expression cell adhesion molecules known to be involved in syncytium formation (Butini et al., 1994) , by FACS analysis in both uninfected cells and cells infected by HIV-1 HXB# and chimera H. No differences were observed between the uninfected cells or either of the infected cell lines (data not shown). From these observations we conclude that changes in the level of expression of cell adhesion molecules on the surface of infected cells cannot explain the observed differences in the ability to induce syncytia.
Since the C3-V4-C4 region encompasses many of the amino acid residues that contribute to the CD4 binding site of gp120 (Laskey et al., 1987 ; Olshevsky et al., 1990) , it seemed possible that the binding of gp120 to CD4 might be affected by changes in this region. To determine if this was in fact the case, we examined the differences in affinity for CD4 of gp120 from HIV-1 HXB# , HIV-1 Ba-L and several of our chimeras. The results showed that there was a clear difference between HIV-1 HXB# and HIV-1 Ba-L , with the relative affinity of gp120 from HIV-1 HXB# being approximately 4-fold higher than that of gp120 from HIV-1 Ba-L (Fig. 5 ). Similar differences were B. A. Watkins and others B. A. Watkins and others 
observed between the gp120 of chimeras that could induce syncytia (chimera K) and those that could not (chimeras H and J) (Fig. 5) . These results lead us to the conclusion that the differences in the ability to induce syncytia that we have observed are a result of differences in the affinity of gp120 for CD4, which differs about 4-fold between the SI and NSI strains of HIV-1 in our study.
Discussion
Previous studies of the induction of syncytia by HIV-1 have emphasized the importance of the V3 loop of gp120 in this phenomenon (Harrowe & Cheng-Meyer, 1995 ; Fouchier et al., 1995 ; Kuiken et al., 1992) . Several investigators have also pointed out the correlation between the ability of different strains of HIV-1 to induce syncytia, and their ability to replicate in the T-cell lines used to assess syncytium formation (Fouchier et al., 1995 ; De Jong et al., 1992 ; Schuitemaker et al., 1991) . In addition, there have been recent reports of involvement of the V2 region of gp120 in the determination of the syncytium-forming phenotype (Andeweg et al., 1993 (Andeweg et al., , 1995 Cornelissen et al., 1995 ; Sullivan et al., 1993) , and some reports of V3 loop phenotype not correlating with SI\NSI phenotype (Forte et al., 1994 ; Todd et al., 1995 ; HolmHansen et al., 1995 ; Cornelissen et al., 1995) . In this study, we have used cell lines that not only support syncytium formation, but which also support the replication of a wide variety of strains of HIV-1. Our results clearly indicate that the ability of HIV-1 to form syncytia in these cells corresponds with a high Fig. 4 . Supernatant p24 expression (panels A and C), syncytium formation (panels C and D) and cell surface gp120 expression (panels E and F) by HIV-1 HXB2 (panels A, C and E) and chimera H (panels B, D and F) in Sup-T1 cells. The formation of syncytia was measured in the same cultures used for the analysis of gp120 expression, by combining 1i10 6 infected cells with 5i10 6 uninfected cells and photographing the syncytia formed 24 h later. Extended observation of the culture infected by chimera H confirmed that no syncytium formation occurred within a 14 day period after the mixing of infected and uninfected cells. Supernatant p24 values are the mean of three determinations ; error bars represent the standard error of the mean. For the determination of surface gp120 expression, two evaluations were carried out each with two different monoclonal antibodies that recognize the V3 loop of HIV-1 HXB2 . Scale bars, 100 µm. relative affinity of the gp120 for CD4, rather than the V3 loop sequence present in the envelope.
This apparent disparity between our results and previously published observations requires some explanation, and it should be noted that although other publications have pointed to the V3 loop as the determinant of SI phenotype, no mechanism has been discussed for this determination. Clearly, in the light of the recent description of alternative second receptors for strains of HIV-1 that differ in tropism, a mechanism based on the expression of only one receptor on the surface of the target cell population is tenable. However, such a mechanism is clearly a tropism event and not related to the ability of particular strain of HIV-1 to induce syncytium formation.
The system we have worked with is less susceptible to tropism events, since the indicator cells support the replication of both T-tropic and M-tropic strains of HIV-1 but are not induced to form syncytia by M-tropic strains. One question that confronted us immediately was whether the formation of syncytia was an extension of the process of the HIV-1 envelope fusing with the host cell membrane, or an entirely different process mediated by cell surface proteins that mediate fusion. We were not able to detect any changes in the expression of cell adhesion molecules that might account for this, and a role for the HIV-1 envelope proteins in modulating expression of such molecules seems improbable. A mechanism in which HIV plays an active role seems more probable, but explaining how this mechanism could differ from fusion during the process of infection is more difficult. One possibility is that the level of gp120 expressed on the surface of cells infected by different strains of HIV-1 might explain the differences in syncytium formation. One might expect cell surface expression of gp120 to correlate with virus expression as measured by supernatant p24 levels. The differing levels of expression of the different chimeras did not correlate with the ability to induce syncytia (for example ; chimera G replicates slowly and induces syncytia, while chimera H replicates more quickly but does not induce syncytia). However, differences in cell surface gp120 expression unrelated to replication have been noted, so it was necessary to measure the expression of gp120 on the surface of cells infected with either SI or NSI viruses. No differences were observed (Fig. 4) , from which we conclude that the differences observed in the ability to induce syncytia were not caused by differences in the level of gp120 expression on the surface of infected cells.
Our experiments on the affinity of gp120 from the two parental viruses as well as several of the chimeras clearly demonstrated that the ability to induce syncytia correlated with higher affinity for CD4. From our experiments with the chimeras, it is also clear that this ability maps to the C3-V4-C4 region of the envelope, which has been shown to include many of the amino acid residues that are critical to the binding of gp120 to CD4 (Laskey et al., 1987 ; Olshevsky et al., 1990) . It is also clear that the binding of gp120 to CD4 is critical for syncytium formation (Fu et al., 1993) , and recently, the affinity of gp120 for CD4 has been associated with cellular tropism changes (Platt et al., 1997) and the adaptation to growth in Tcell lines (Kozak et al., 1997) . Exactly how changes in the affinity of gp120 for CD4 affect syncytium formation is unclear, since the basic event is presumably similar to the fusion of the viral membrane with the cytoplasmic membrane of the target cell. It is possible that the fusion of two cells requires the juxtaposition of a much larger area of two membranes than the fusion of virion to cell, and that the higher affinity of gp120 for CD4 keeps the membranes closer, longer. This would increase the probability that the area of the two membranes in contact with each other would cross the critical threshold for cell-cell fusion, leading to syncytium formation.
This does not exclude the possibility of the involvement of other mechanisms in syncytium formation, and it is entirely conceivable that the relative affinity of gp120 for second receptors, such as CCR5 (Choe et al., 1996) and CXCR4 (Feng et al., 1996) will influence syncytium formation. The case for the involvement of the V3 loop remains compelling, and given the documented proximity of the V3 loop and the CD4 binding domain (Moore et al., 1993 ; Pinter et al., 1993 ; Wyatt et al., 1992) , it is even conceivable that the V3 loop might be influencing the binding of gp120 to CD4.
